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(54) Radiation gauge for moving sheet material with movable source and segmented detector 

(57) Measuring basis weight of a moving web in the 
cross direction scanner of a paper-making machine, an 
encapsulated nuclear source (33) of Promethium 147 is 
used because of its wide area of emission. To conserve 
space it is mounted on a vertical axis and moves in a 
horizontal plane parallel to the moving web from a 
stowed position where the source is shielded to an 
active position where the source emits through an aper- 
ture, through the moving web, and to a detector. The x- 
y array planar type detector uses four detector seg- 
ments (1 ,2,3,4) symmetrically arranged around a center 
and compensates for belt direction misalignment, the 
belt driving the cross direction scanners, by mathemati- 
cally manipulating the electrical signals from each 
detector to eliminate the error term. Also a standardiza- 
tion flag (36) is used. 





FIG. 13 



FIG. 5 
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Description 

[0001] The present invention is directed to a nuclear gauge for measuring a characteristic of moving sheet material 
and alignment compensation and more specifically to where the moving sheet material is paper being produced by a 
paper making machine. 

BACKGROUND OF THE INVENTION 

[0002] In measuring the basis weight of moving sheet material a radiation source is mounted on one side of the sheet 
material and on the other side is a receiving transducer. The pairs of transducers is then scanned in a cross direction 
(perpendicular to the movement or machine direction of the sheet material) to provide a cross direction measurement 
of that particular characteristic. 

[0003] When a nuclear gauge is used, such as with radioactive krypton gas, such nuclear source must be appropri- 
ately shielded when not in use. Patent 5,432,353 illustrates one technique of shielding where the encapsulated nuclear 
source is mounted for rotation about a horizontal axis (parallel to the moving web) and when not in use merely rotated 
to face a side wall of its enclosure. See also patent 5,233,195. Since it is desirable to decrease the air gap between the 
radiation source and the moving web, this source should be as close to the sheet as possible. Thus, normally there is 
no room for a shutter to shield the source and this was the reason for the mounting in the above patents. Such shielding 
of the source by rotating it is space-saving. However, where a source other than krypton, such as promethium, is used, 
which has a much larger area of radiation and thus the encapsulated cylinder is larger, it would be too space consuming 
to mount such a source as illustrated in the above patents, and still provide proper shielding and also space for a stand- 
ardization flag. 

[0004] Also as discussed above, in regard to the alignment between the radiation source and the detector, increasing 
demands for accuracy of measurement requires some type of error compensation for mechanical imperfections in the 
transfer mechanisms causing the radiation source and detector to scan across the paper in a cross direction. One form 
of correction is illustrated in U.S. Patent 5,010,766, in the name of the present inventor and assignee. In that technique 
a separate unit senses the misalignment and then makes appropriate compensation. 

OBJECT AND SUMMARY OF INVENTION 

[0005] It is therefore the general object of the present invention to provide an improved nuclear gauge for measuring 
a characteristic of moving sheet material and alignment compensation. 

[0006] In accordance with the above object, there is provided apparatus for measuring a characteristic of a moving 
web of sheet material having a pair of transducers on opposite sides of the web the pair of transducers being scanned 
across the web. One of the pair of transducers has an aperture with a center axis perpendicular to the web and in close 
proximity to the web and includes an encapsulated radiation source which in a first position emits radiation along a radi- 
ation axis substantially coincident with the center axis through the aperture and through said web to the other of said 
pair of transducers. The other transducer includes detector means for sensing radiation received through the web from 
the radiation source. Means mount the encapsulated radiation source for movement in a plane perpendicular to said 
radiation axis and parallel to said web from an axis of movement, offset from the center axis, between a stowed position 
where the radiation from said nuclear source is shielded to said first position. 

[0007] In addition from a detector standpoint there is provided a multi-segmented planar detector having three or 
more segments for use in measuring a characteristic of a moving web in conjunction with a radiation source on the 
opposite side of the web having a radiation axis where the source has a relatively large area of radiation emission, each 
of the segments being symmetrically arranged around a center detector axis which is nominally coincident and aligned 
with the radiation axis whereby in this coincident condition electrical signals representative of received radiation having 
passed through the moving web to each detector segment are equal, and including processing means for eliminating 
an error due to misalignment between the axes by processing the signals (one from each said segment) to eliminate 
dependence on misalignment. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] 

FIG. 1 is a plan view of a scanning system utilizing the present invention. 
FIG. 2 is a simplified cross sectional view taken along the line 2-2 of FIG. 1 . 
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FIG. 3 is a plan view taken along the line of 3-3 of FIG. 2. 

FIG. 4 is a side view of FIG. 3. 

FIG. 5 is a detailed view of a portion of FIG. 3. 

FIG. 6 is a block diagram of a processor used in the presented invention. 

FIG. 7 is a plan view taken along the line 7-7 of FIG. 2. 

FIG. 8 is a plan view of the other side of FIG. 7. 

FIG. 9 is a view of a detail of FIG. 8. 

FIG. 1 0 is a cross sectional view taken along the line 1 0-10 of FIG. 9. 
FIG. 1 1 is a detail of a portion of FIG. 8. 
FIG. 12 is a side view taken along the line 12-12 of FIG. 1 1 . 
FIG. 13 incorporates FIG. 8 and shows the operation of the present invention. 
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0009] FIG. 1 illustrates the scanner unit 10 which has a pair of cross beams 1 1 perpendicular to the machine direc- 
tion (MD) (also designated y) 12 or the moving web 13. In this particular case this is a paper sheet being manufactured 
by a paper making machine. Mounted to travel across the sheet in a cross direction (CD), also designated x, is a pair 
of measuring heads or transducers 14a and 14b (see also Figure 2). The top transducer 14a includes a radiation source 
16 and the bottom transducer 14b a radiation detector 17. As is well-known in the art, the amount of radiation passing 
through the moving web 1 3 is indicative of a characteristic of the web such as basis weight. 
[0010] Referring to FIGS. 3 and 4 radiation detector 17 includes a circular plate 21 mounted to the transducer 14b 
with a open aperture 22 which has a 4 segment detector array 1 , 2, 3, and 4 in a planar format. Such array is also shown 
in FIG. 5 and how it is aligned with the machine direction (MD)(or y direction) and cross direction (CD)(or x). Each of 
the segments of the array is a silicon photo voltaic cell with a uniform radiation response having good dynamic range. 
Each of the elements or segments 1 , 2, 3 and 4 is symmetrically arranged around a center detector axis 23. This axis 
is nominally coincident with the axis of the radiation source (or the center axis of the aperture over which it is superim- 
posed) assuming there is no misalignment. Each detector segment 1, 2, 3, and 4 is nominally square in configuration 
with the diagonals of elements 1 and 2 being co-linear and passing through the center detector axis 23. The center 
detector 23 is also nominally coincident with the radiation axis. This arrangement of detectors will provide compensa- 
tion for the lateral misalignment that is commonly caused by the drive belt arrangement that moves the source and 
detector across the sheet in a cross direction. 

[001 1 ] As illustrated in FIG. 5 each square detector has, of course, a center indicated by the "plus" with the centers 
of detectors 3 and 4 being offset in the y direction a distance designated "a M ; similarly the detectors 1 and 2 have their 
centers offset in the x direction a distance "a." 

[0012] As illustrated in FIG. 6, radiation received by the each of the detectors is in the form of the four currents l 1( l 2 , 
l 3 and l 4 . These are input into a processor 26 to provide a measurement such as basis weight (B.W.) which has been 
compensated for any misalignment of the source and detector. 

[001 3] Now referring specifically (FIGS. 7 and 8) to the top transducer head 1 4a a circular plate 30 which faces the 
moving web 13 includes an aperture 31 which has a center axis 32. FIG. 8 is the opposite side of plate 30 showing 
mounted on it an encapsulated radiation source 33 (Promethium 147) which is mounted for rotation on an axis 34 to 
move along the locus 35 from a stowed position where the radiation from the nuclear source is shielded by the plate 30 
to a first position where the radiation source and its radiation axis is actually coincident with the center axis 32. 
[0014] Similarly also illustrated in FIG. 8 is clear transparent radiation standardization flag 36, for example made of a 
thin sheet of clear plastic, which is mounted for rotation on an axis 37 along from a stowed position and along a locus 
of movement 38 so that flag may be rotated between the radiation source and the moving web for standardization pur- 
poses. Thus referring back to FIG. 7 both the offset axis 34 of rotation of the encapsulated radiation source and flag 
axis 37 are on the line 39 which is a diameter of aperture 31 and of course passes through the center axis 32 of the 
aperture. 
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[0015] FIGS. 9 and 1 1 illustrate the rotating parts and the mounting for encapsulated radiation source 33 which 
rotates in the direction shown by the arrow on the axis 34 and the standardization flag 36 rotates in the direction shown 
around the axis 37. FIGS. 10 and 12 are side views of the source and standardization flag, respectively. Referring to 
FIG. 10, the radiation source includes a substantially large area of radiation emission, for example 15.6mm, which radi- 
ates in a substantially parabolic pattern 41 having a radiation axis 40. Mounted to provide movement to the radiation 
source and the standardization flag are ball-type connectors 42 and 43, respectively. And referring to FIG. 1 3 these con- 
nectors are again shown connected to pistons 44 and 45 to rotate the radiation source 33 and standardization flag 36 
from a stowed positions to an active positions. 

[001 6] With the mounting of the radiation source 33 for movement in a plane parallel to that of the web or perpendic- 
ular to that of the radiation axis even though a fairly large area of radiation is present necessitating a relatively larger 
encapsulated radiation source 33, effective shielding (or shuttering) is provided for the radiation source in the stowed 
position illustrated in FIG. 8. Here the open-ended encapsulated radiation source faces the circular disk 30. At the same 
time, there is adequate spacing 51 (FIG. 10) between the circular disk 30 and the bottom of the transducer 33 to allow 
space for standardization flag 36 to slide there between. 

[0017] Although the detector ideally is shown as having 4 segments (this is because the error correction process is 
believed to be relatively simple in this case) three segments in the form of 120° wedges could be used. All that is nec- 
essary is that a planar array of three or more segments be used which are symmetrically arranged around a center axis. 
Referring now to FIGS. 5 and 6 and the set of equations following below, as discussed above the four detectors 
arranged symmetrically around the center 23 provides compensation for lateral misalignment caused by the drive belt 
arrangement which moves the source and detector across the sheet. As illustrated and discussed above two of the 
detectors 1 and 2 have their centers on the x axis and detectors 3 and 4 have their centers on the y axis. These centers 
are all at the nominal distance "a M from the center detector axis 23. When the detector and the source are perfectly 
aligned individual detector signals h through l 4 can be modeled by the equations (1) through (4) as a function of mis- 
alignment in the x-y plane. 

[0018] Referring specifically to these equations, x and y are the misalignment coordinates, a is the distance of the 
individual detectors from the center detector axis 23, S is a signal from an any one individual detector when the center 
such detector is coincident with the radiation axis of the source, and k is a factor that depends on the size and distance 
of the source, and to some degree on the basis weight to be measured. Thus, for example, referring to equation (1) if 
the radiation axis is centered on the center of the detector 1 , then x = a and y = 0 and h is equal to S. However, when 
it moves to the center axis 23, as shown illustrated in FIG. 10, the radiation source has an emission in the shape of a 
parabola and therefore the equations (1) through (4) are in the form of a parabolic function. 

[001 9] Equation (5) is the sum of equations (1) through (4) and the sum is indicated as l T . It is apparent that if x and 
y are equal to 0 (that is there is no misalignment) that equation (5) provides accurate measure of received radiation 
which is the term 4S(1-ka 2 ). In other words, the actual radiation received and the constants k and a. However, where 
there is an alignment, x and y must be taken into account. Since there is no direct way of measuring x and y, the error 
must be eliminated by a mathematical manipulation of the various currents h through l 4 . From an inspection of FIG. 5 
it can be seen that detectors 1 and 2 and their equations represent errors in the cross direction (the most significant 
misalignment) and that detectors 3 and 4 and their equations (3) and (4) errors in the machine direction. And it is also 
obvious that the error term is. as illustrated in equation (5), as an x 2 plus y 2 type of factor. Thus the mathematical entity 
is created of equation (6) which matches the error term k(x 2 + y 2 ). And in addition this error correcting entity must also 
eliminate the S term. 

[0020] It has been found that this can be accomplished as indicated in equation (6) by taking the square of the cross 
directional signals that is (I, - 1 2 ) 2 , the square of the difference of the machine direction signals (l 3 - 1 4 ) 2 and dividing it 
by the square of the l T . Referring to the result of that computation, because of the division by l T 2 no S is in the result. 
[0021 ] Furthermore in the denominator of equation (6) all of the latter terms have less than 1 % effect on the total value 
of the expression which may be therefore reduced to the expression of equation (7). Therefore, the error term in equa- 
tion (5) containing the x 2 + y 2 can be rewritten as shown in equation (8). What has been done is that the Kx 2 + y 2 ) term 
of equation (7) which is the other half of equation (6), has been solved and has been substituted in equation (8). Then 
the right side of the equation (8) is substituted in equation (5) to produce a misalignment corrected signal l T . Noted that 
equation (9) is a re-arrangement of equation (5) where the term 4S(1-ka 2 ) is solved for and thus the correction term is 
all in the denominator. The constant term (niz "a" 2 k) of equation (9) as illustrated in the left-hand side of the equation 
(1 0) depends slightly on the amount of mass between the source and detector due to scattering of the radiation beam. 
Experiments have shown one possible way to model this term is as illustrated in the right side of equation (10) where p 
and q are constants and l To is the value of I with no web in the measuring gap. When it is taken into account that denom- 
inator of equation (9) is almost one the final correction algorithm is equation (1 1). This corrected signal is processed by 
the processor 26 illustrated in FIG. 6. The calculation of basis weight is done in the same manner as uncompensated 
signals have been used previously. That is a corrected form of Beer's laws. 

[0022] Thus to summarize the processing means for eliminating the misalignment error takes the sum of the signals 
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from the four detectors and the square of difference of the pairs of machine direction and cross directional signals. And 
this directly eliminates the error term. 

[0023] Thus an improved nuclear gauge for measuring a characteristic of moving sheet material and alignment com- 
pensation has been provided. 

EQUATIONS 

[0024] 

l, = S{144(x-a) 2 +y 2 » (1) 

1 2 + S{1-k[(x+a) 2 +y 2 ]} (2) 

1 3 = S{1-k[x 2 + (y-a) 2 ]} (3) 

1 4 = S{1-k[x 2 + (y + a) 2 ]} (4) 
l T = 4S(1-ka 2 )[1-k(x 2 +y 2 )/(1-ka 2 )] (5) 

[(/i-/2A('3-/4> 2 ]/'\"M^ (6) 



^ k(x 2 + y 2 )ka 2 
(1-ka 2 ) 2 



Claims 



(7) 



[1-k(x 2 +y 2 )/(1-ka^ (8) 

1 T = < t/(1 -[(1 "ka 2 )/ka 2 ][(l n -1 3 ) 3-1 4 ) 2 ]/l T 2 } = 4S(1 ~ka 2 ) (9) 

(1.ka 2 )/ka 2 = p + q(l T /l To ) (10) 

l T = lTn+[P+q0T/'T o )][0r'2) 2 +03-U) 2 l/lT} OD 



1 . Apparatus for measuring a characteristic of a moving web of sheet material having a pair of transducers on oppo- 
site sides of the web the pair of transducers being scanned across the web the apparatus comprising: 



one of said pair of transducers having an aperture with a center axis perpendicular to said web and in close 
proximity to said web and including an encapsulated radiation source which in a first position emits radiation 
along a radiation axis substantially coincident with said center axis through said aperture and through said web 
to the other of said pair of transducers, said other transducer including detector means for sensing radiation 
received through said web from said radiation source. 

means for mounting said encapsulated radiation source for movement in a plane perpendicular to said radia- 
tion axis and parallel to said web from an axis of movement, offset from said center axis, between a stowed 
position where said radiation from said nuclear source is shielded to said first position. 

2. Apparatus in claim 1 including a standardization flag mounted for movement on an axis offset from said center axis 
with said nuclear source being axially spaced from said aperture to allow said flag to be rotated between said radi- 
ation source and said moving web. 

3. Apparatus as in claim 2 where said flag axis and said nuclear source axis are on a line through said center axis. 

4. Apparatus as in claim 1 where said radiation detector is a two dimensional array with three or more segments sym- 
metrically arranged around a center detector axis which is nominally coincident with said center axis of said aper- 
ture. 
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5. Apparatus as in claim 4 including means for receiving a plurality of electrical signals from said segment represent- 
ing for each said segment radiation received after passing through said moving web, said signals being equal if said 
center detector axis is substantially coincident with the center axis of said aperture and said radiation axis but une- 
qual and creating an error if there is a lack of such coincidence and including processing means for eliminating said 
error including taking the sum of said signals and the square of cross directional and machine directional pairs of 
said signals to eliminate error terms in those directions said machine direction being the direction of said moving 
web said cross direction being in the same plane and perpendicular to said machine direction. 

6. In a multi-segmented planar detector having three or more segments for use in measuring a characteristic of a 
moving web in conjunction with a radiation source on the opposite side of the web having a radiation axis where 
the source has a relatively large area of radiation emission, each of said segments being symmetrically arranged 
around a center detector axis which is nominally coincident and aligned with said radiation axis whereby in this 
coincident condition electrical signals representative of received radiation having passed through said moving web 
to each detector segment are equal, and including processing means for eliminating an error due to misalignment 
between said axes by processing said signals (one from each said segment) to eliminate dependence on misalign- 
ment. 

7. A detector as in claim 6 including means for compensating for measurement error due to scattering of said radiation 
from said source including means for measuring said received radiation without said moving web between said 
radiation source and detector. 

8. A detector as in claim 6 where there are four square segments the diagonal of pairs of the segments being co-linear 
and perpendicular to each other, such diagonals passing through said center detector axis, one pair of diagonals 
having an orientation in the direction of the moving web and the other pair perpendicular or across such web. 

9. A detector as in claim 6 where said radiation source is Promethium which radiates is a substantially parabolic pat- 
tern. 

10. A detector as in claim 6 where said processing means includes means for taking the sum of said signals and the 
square of cross directional and machine directional pairs of said signals to eliminate error terms in those directions 
said machine direction being the direction of said moving web said cross direction being in the same plane and per- 
pendicular to said machine direction. 
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